The common feature of two conformational polymorphs of N, N′-bis(pyridin-3-ylmethyl)oxalamide is their crystallisation in the monoclinic space group P2 1 /c with Z = 4. In low symmetry form 1, the central core is effectively planar and the terminal pyridyl rings adopt a syn-periplanar conformation. In the high symmetry form, 2, there are two independent molecules in the asymmetric unit but each is located about a centre of inversion. The rings again are almost perpendicular to the central plane but, from symmetry are anti-periplanar. Computational chemistry shows that symmetric molecules with syn (two-fold) and anti (centrosymmetric) conformations have nearly identical energies. In the molecular packing of each of 1 and 2, supramolecular tapes based on amide-N-H···O(amide) hydrogen bonding are found. In 1, these are connected into layers by C-H···N(pyridyl) interactions, while in 2, the chains are linked into a three-dimensional architecture by C-H···N(pyridyl) interactions. The importance of hydrogen bonding is emphasised in the analysis of the Hirshfeld surfaces.
Introduction
Having both amide and pyridyl functionalities, the title compound, N,N′-bis(pyridin-3-ylmethyl)oxalamide (systematic name: N,N′-bis(pyridin-3-ylmethyl)ethanediamide, hereafter referred to as the diamide), see Figure 1 , has attracted the attention of coordination chemists over the years. In this context, zero-dimensional [1] , oligomeric [2] and coordination polymers [3] [4] [5] have been observed, including an intriguing case of a pair of interwoven coordination strands sustained by hydrogen bonding in tautomeric forms of the diamide [6] . In the realm of crystal engineering, several studies have appeared reporting co-crystal formation with carboxylic acids [7, 8] and, notably, the diamide featured in early studies investigating halogen bonding [9] . Despite this interest, the crystal structure of the parent diamide has yet to be described according to a search of the Cambridge Crystallographic Database [10] . In the course of studies of on-going investigations of the diamide and the isomeric species with 2-and 4-pyridyl substituents [11] [12] [13] [14] , we isolated crystals of the diamide from ethanol solution, this is labelled form 1 herein. Subsequently, a polymorphic form, 2, was isolated from a failed co-crystallisation experiment in ethanol/ chloroform (1/1 v/v) solution between the diamide and 2-(4-hydroxyphenylazo)benzoic acid, which has been employed recently in co-crystallisation experiments, with some measure of success, including with a related diamide [15] [16] [17] . Remarkably, two quite distinct conformations of the diamide were observed in the polymorphs and hence, are described as conformational polymorphs [18] . Herein, the results of a crystallographic and theoretical investigation of polymorphs 1 and 2 are described.
The discovery and study of polymorphs 1 and 2 is far beyond an intellectual curiosity. While the diamide shown in Figure 1 has yet proven any biological activity, the phenomenon of polymorphism is a crucial issue for the pharmaceutical industry [19] and also for energetic materials and dyes/pigments. Solid forms of drugs are patented as individual materials meaning the subsequent characterisation of a new form of a drug raises intellectual property (IP) issues. Based on the assumption that there is some tangible improvement in performance, if the pharmaceutical company that developed one form of a drug, subsequently discovers another form, patent extension of the pharmaceutical becomes a reality. An example of this is found in the saga associated with the histamine H2 inhibitor, ranitidine hydrochloride, used for the treatment of peptic ulcers. A new form was subsequently discovered by the holders of the original patent with favourable filtration and drying properties, enabling an extension of the original patent [20] . IP issues become more complicated should the discoverer of the new form is a commercial competitor. With such considerations in mind, coupled with the observation that computational chemistry suggest than 10's if not 100's of polymorphs differ in energy less than a few kcal/ mol [21] , the study of polymorphism, formation, structure and energetics, is of fundamental interest [20] .
Experimental

Synthesis and characterisation
N,N′-Bis(pyridin-3-ylmethyl)oxalamide was prepared in accord with the reported procedure [3] . Recrystallisation from ethanol solution, as in the original synthesis, gave 1. Crystals of 2 were isolated from the attempted co-crystallisation of the diamide with 2-(4-hydroxyphenylazo)benzoic acid, 1:1 ratio, in an ethanol/chloroform mixture (1/1 v/v) solution.
Crystal structure determination
Intensity data for crystals of colourless 1 and 2 were collected at 98 K on a Rigaku AFC12/Saturn724 CCD fitted with MoKα radiation. The data set for 2 was corrected for absorption based on multiple scans [22] but not for 1 as no difference was manifested in the transmission factors. Each data set was reduced using standard methods [23] . Both structures were solved by direct methods [24] and refined by a full-matrix least-squares procedure on F 2 with anisotropic displacement parameters for non-hydrogen atoms, carbon-bound hydrogen atoms in their calculated positions, and a weighting scheme of the
+ bP] where P = (F o 2 + 2F c 2 )/3) [25] . The nitrogen-bound hydrogen atoms were refined with the distance restraint N-H = 0.88 ± 0.01 Å. The analysis of 1 is less than optimal, e.g. high R w , owing to the nature of the crystals obtained, an observation consistent with the fact that despite being originally synthesised over 20 years ago [3] and studied subsequently, see Introduction, no structure has been reported. Nevertheless, the molecular conformation has been determined unambiguously. Crystal data and refinement details are given in Table 1 . Figure 1 , showing the atom labelling schemes, was drawn with 50% displacement ellipsoids using ORTEP-3 for Windows [26] , the overlay diagram was drawn with QMol [27] , and the remaining crystallographic figures were drawn with DIAMOND [28] . Data interpretation was facilitated using PLATON [29] .
Hirshfeld surface analysis
Crystal Explorer 3.1 [30] was used to generate Hirshfeld surfaces mapped over d norm , d e , curvedness and electrostatic potential. The electrostatic potentials were calculated using TONTO [31, 32] integrated into Crystal Explorer, wherein the experimental geometries were used as the input. Further, the electrostatic potentials were mapped on Hirshfeld surfaces using the STO-3G basis set at the Hartree-Fock level theory over a range of ±0.09 au. The contact distances d i and d e from the Hirshfeld surface to the nearest atom inside and outside, respectively, enable the analysis of the intermolecular interactions through the mapping of d norm . The combination of d e and d i in the form of two-dimensional fingerprint plots [33] provides a useful summary of intermolecular contacts in the crystal.
Computational chemistry
The calculations were performed with the Firefly PC package [34] , which is partially based on the GAMESS (US) [35] source code, at the B3LYP/6-31G** level of theory [36] [37] [38] [39] with an algorithm based on the Quadratic Approximation (QA) [40] and a threshold gradient value of 10 −5 a.u. Molecular parameters (bond order and partial charge) were evaluated by different models (Wiberg bond index and GiambiagiMayer bond orders, and Natural and Löwdin population analysis) [41] [42] [43] [44] [45] [46] [47] [48] .
Results and discussion
Experimental molecular structures
The molecular structure of 1 is shown in Figure 2a and features a central C 4 methylene-C6 and -C9 atoms, is planar with a r.m.s. deviation of the fitted atoms = 0.033 Å; the maximum deviation is 0.046(2) Å for the N2 atom. The N1-and N4-pyridyl rings are approximately normal to this plane and are syn-periplanar, forming dihedral angles of 84.37 (9) and 74.98(9)°, respectively with the central plane. The dihedral angle between the rings is 88.44(9)°, indicating an almost perpendicular relationship as each ring is directed away from the central part of the molecule. Selected geometric parameters are collated in Table 2 . These reveal that the canonical form shown in Figure 1 is an accurate description of the electronic structure. The angles about the quaternary-C atom follow the expected trends with the widest angle involving the heteroatoms. The carbonyl-O atoms are anti, an arrangement that allows for the formation of intramolecular amide-N-H···O(carbonyl) hydrogen bonds, Table 3 . In polymorph 2, two half independent molecules comprise the asymmetric unit as each is disposed about a centre of inversion, Figure 1b Table 3 . The key difference between 1 and 2 relates to the relative disposition of the pyridyl rings which are anti-periplanar in 2, that is, anti, forming similar dihedral angles of 76.21(4) and 77.08(4)°, respectively. The geometric parameters, Table 2 , follow the same trends established for 1.
Molecular packing
Parameters characterising the supramolecular aggregation in each of 1 and 2 are summarised in Table 3 ; prominent contacts have been taken from the PLATON [29] output based on the geometric criteria embodied in the programme. The most prominent feature of the crystal packing in 1 is the formation of supramolecular tapes aligned along the b-axis and sustained by N-H···O hydrogen bonding between translationally related amide groups with the result that 10-membered {···HNCCO} 2 synthons are formed, Figure 3a . Links between tapes along the c-axis are of the type pyridyl-C-H···N(pyridyl) to form corrugated layers in the bc-plane, Figure 3b interactions between them, Figure 3c . The closest contact between pyridyl rings is 4.398(3) Å for symmetry operation x, 1½ - y, ½ + z. Within layers sustained by hydrogen bonding, some evidence was found for π-type interactions between the C 2 O 2 cores as discussed below in the Hirshfeld surface analysis for 1.
A very similar supramolecular tape is found in the crystal structure of 2. Here, the tapes are aligned along the a-axis and comprise alternating independent molecules, Figure 4a . Unlike the situation in 1 where the pyridyl rings are superimposed when viewed down the axis of the tape, Figure 3a , in 2, the pyridyl rings in successive molecules comprising the tape have different orientations. Globally, molecules assemble in the ab-plane with no specific interactions between but are connected to adjacent layers by methylene-and pyridyl-C-H···N(pyridyl) interactions so that a three-dimensional architecture results, Figure 4b .
Hirshfeld surfaces
In order to gain a deeper appreciation of the supramolecular association in the polymorphs 1 and 2, an analysis of the Hirshfeld surfaces was conducted [49] . The variation in the crystal packing interactions due to the different dispositions of the terminal pyridyl rings around the eight-membered oxalamide chromophore in polymorphs 1 and 2 can be conveniently discerned from the views of Hirshfeld surfaces. The molecular packing of both the polymorphs have similar intra-and inter-molecular N-H···O hydrogen bonds and intermolecular C-H···N bonds. The intermolecular interactions are evident from the views of Hirshfeld surfaces mapped over electrostatic potential, Figure 5 . The donors and acceptor atoms participating in these interactions are shown with respective positive (blue regions) and negative potentials (red regions). In the plots mapped over d norm , Figure 6 , the bright-red spots on the surface indicate the atoms involved in the interactions.
The common features of the molecular packing in 1 and 2, are the intermolecular N-H···O and C-H···N interactions indicated as 1, 2 and 3 in Figure 6a -c. In the structure of 1, the small but significant contributions from C···C and C···O/O···C contacts, Table 4 , are due to the presence of short interatomic C8···C8 (3.330(4) Å) and C7···O2/ O2···C7 (3.132(3) Å) distances and appear as pale-red spots on the Hirshfeld surfaces marked with the labels 4, 5 and 6 in Figure 6a ; symmetry operation 1 - x, 1 - y, 1 - z. The molecular packing of 2 also features methylene-C-H···N and C-H···π interactions, and short interatomic nonbonded H···O and H···N contacts, highlighted as diminutive red spots and labelled as 4, 5, 6 and 7 in Figure 6b and c. The presence of these interactions may cause a slight increase in relative contributions from N···H/H···N contacts to the surface of both molecules of 2, and of O···H/H···O to the surface of the second molecule of 2 compared to that in 1, Table 4 . The appearance of a paleorange spot on the surface mapped over d e , within a red circle in Figure 7a , and a bright-red spot over the front side of shape-index, Figure 7b , reflect the contribution of the C-H···π interactions. The reciprocal of these C-H···π interactions, i.e. π···H-C, is seen as a blue spot on the surface mapped with the shape index, Figure 7b . Figure 8 presents images of the immediate environment about the different molecules in 1 and 2, and provides a convenient visual summary of the interactions between molecules.
The two-dimensional fingerprint (FP) plots, Figure 9 , explain the formation of the distinct three-dimensional arrangements in 1 and 2 through the various interactions involving the different molecules. The overall FP plots for 1 and 2 (molecules 1 and 2), Figure 9a , show that the points are distributed distinctly, and in this way provide further evidence of the choice of the space group for 2, with two independent, centrosymmetric molecules.
The FP plots delineated into H···H contacts for 2, Figure 9b Figure 9e shows the FP plots delineated into the C···H/H···C contacts, which exhibit different shapes for 1 and 2, and have quite disparate relative contributions, Table 4 . A common feature of these plots is the appearance of a pair of characteristic 'wings' and a pair of arrow-like shapes extending over the (d e , d i ) regions between 1.1 and 2.6 Å. The intermolecular interactions were further analysed using a new parameter, namely the enrichment ratio (ER) which is evaluated on the basis of Hirshfeld surface analysis [50] ; the numerical values are listed in Table 5 . The ER value corresponding to H···H contacts is close to unity for 1 in accord with earlier published data [50] . By contrast, the corresponding values for molecules 1 and 2 of 2 are reduced to 0.78 and 0.81, respectively, showing a lower propensity for these contacts in the crystal structure. This may be due to the involvement of hydrogen atoms in intermolecular methylene-C-H···N and C-H···π interactions in 2 which in turn increase the ER values corresponding Tab. 5: Enrichment ratios for of 1 and 2, the latter delineated for the two independent molecules. to C···H/H···C contacts. The lower ER value for the latter contacts in 1 correlates with the absence of comparable interactions in its structure. The occurrence of short inter atomic C···C and C···O/ O···C contacts in the structure of 1 are also evident from their respective ER values and prove the importance of their relatively small contributions to the Hirshfeld surface due to the lower random contacts resulting from 13.0 to 9.0% available surfaces for carbon and oxygen atoms, respectively. Molecules 1 and 2 of 2 have negligible contributions from the contacts correlating to their absence.
Computational chemistry
Recently, a full theoretical analysis of the conformational preferences of the isomeric N,N′-bis(pyridin-n-ylmethyl) thioxalamide derivatives, n = 2, 3 and 4, i.e. the thio derivatives related to 1 and 2, was published [51] . Similar protocols were employed in the present investigation in order to gain insight into the great conformational differences exhibited in polymorphs 1 and 2, as illustrated in the overlay diagram, Figure 10 .
The first question addressed related to the conformation about the N-C( = O) bonds, i.e. the global conformation in the central residue. Based on the assumption of multiple bond character in the N-C bond (see below), the different conformations can be labelled as ZZ, EZ and EE, see Figure 11 for images of the different conformations. From the data in Table 6 , the all Z conformation is clearly the most stable. This observation correlates with the intramolecular N-H···O hydrogen bonds which close S(5) loops in the ZZ conformation, Table 3 , only one of these persists in the EZ form and none in the all E arrangement. For the related thioamide compounds [51] , the reduction in the N-H···S hydrogen bonds results in a reduced energy of stabilisation to the overall conformation in the EZ and, especially, EE conformations. The new results are therefore consistent with the literature [51] .
Having established the global stability of the ZZ conformation, attention was then directed towards establishing the relative stability of the different conformations of the pyridyl residues with respect to the central residue; these were generated by rotations about the methylene-C-C(pyridyl) bond. Four low-energy conformations, differing by no more than 1 kcal/mol were revealed, Table 7 . Two conformations were based on the letter U, i.e. with the pyridyl ring syn with respect to the central plane. One option with lowest energy has C 2 symmetry with a non-symmetric form, as in 1, being marginally higher in energy. The S-shaped option with inversion symmetry, as in 2, had the same energy as the symmetric U-shape; the non-symmetric S-shape was 0.4 kcal/mol higher in energy. These calculations suggest that polymorph 2 is the more stable, by 0.5 kcal/mol.
One final point concerning the molecular structures is worth highlighting, namely, the magnitude of the central C-C bond. This is unusually long for a standard sp 2 -C-C(sp 2 ) bond and usually attracts a level C alert in PLATON [29] . In the following discussion, the S-centrosymmetric molecule was chosen for analysis as this conformation is normally observed in co-crystals/salts formed by the diamide described herein [52] . In this energy-minimised structure, the central C-C bond length is 1.543 Å, and is in accord with the experimental values, Table 2 . The bond order data collated in Table 8 is consistent with delocalisation of π-electron density over the oxygen and nitrogen atoms of the central residue which results in increasing the π-character in the C-N bond with a concomitant reduction in the double bond character of the C = O bond, as discussed previously for the thioamide analogues [51] .
Conclusions
Two polymorphs have been characterised for N,N′-bis(pyridin-3-ylmethyl)oxalamide, a syn-periplanar (1) and an anti-periplanar form (2) . These are examples of conformational polymorphism for which a recent survey suggested 74% of examples had energy differences < 1.5 kcal/mol [53] . Computational chemistry suggests that the two-fold symmetric syn form is equal in energy to the centrosymmetric anti form. While the nonsymmetric syn form found experimentally is less stable, no doubt the loss in stability corresponding to the loss of symmetry is compensated by global crystal packing effects. Vindicating this conclusion are the crystal packing indices of 71.7 and 69.9%, respectively. Further, it is noted that syn and anti forms of a closely related molecule, 4-[2-(pyridin-4-yl)ethyl]pyridine, are found within the same crystal structure, i.e. in its 1:1 co-crystal with bis(2-hydroxyphenyl)-4-hydroxyphenylmethane [54] . Finally, it is noted that 2 was isolated from a failed co-crystallisation experiment. As suggested by Arora and Zaworotko, co-crystallisation experiments often result in the isolation of a new polymorph of one of the coformers. It was also suggested such technology should be employed in any thorough polymorph screen of active pharmaceutical ingredients [55] .
